RING-finger proteins commonly function as ubiquitin ligases that mediate protein degradation by the ubiquitin-proteasome pathway. Muscle-specific RING-finger (MuRF) proteins are striated muscle-restricted components of the sarcomere that are thought to possess ubiquitin ligase activity. We show that mice lacking MuRF3 display normal cardiac function but are prone to cardiac rupture after acute myocardial infarction. Cardiac rupture is preceded by left ventricular dilation and a severe decrease in cardiac contractility accompanied by myocyte degeneration. Yeast two-hybrid assays revealed four-and-a-half LIM domain (FHL2) and ␥-filamin proteins as MuRF3 interaction partners, and biochemical analyses showed these proteins to be targets for degradation by MuRF3. Accordingly, FHL2 and ␥-filamin accumulated to abnormal levels in the hearts of mice lacking MuRF3. These findings reveal an important role of MuRF3 in maintaining cardiac integrity and function after acute myocardial infarction and suggest that turnover of FHL2 and ␥-filamin contributes to this cardioprotective function of MuRF3.
RING-finger proteins commonly function as ubiquitin ligases that mediate protein degradation by the ubiquitin-proteasome pathway. Muscle-specific RING-finger (MuRF) proteins are striated muscle-restricted components of the sarcomere that are thought to possess ubiquitin ligase activity. We show that mice lacking MuRF3 display normal cardiac function but are prone to cardiac rupture after acute myocardial infarction. Cardiac rupture is preceded by left ventricular dilation and a severe decrease in cardiac contractility accompanied by myocyte degeneration. Yeast two-hybrid assays revealed four-and-a-half LIM domain (FHL2) and ␥-filamin proteins as MuRF3 interaction partners, and biochemical analyses showed these proteins to be targets for degradation by MuRF3. Accordingly, FHL2 and ␥-filamin accumulated to abnormal levels in the hearts of mice lacking MuRF3. These findings reveal an important role of MuRF3 in maintaining cardiac integrity and function after acute myocardial infarction and suggest that turnover of FHL2 and ␥-filamin contributes to this cardioprotective function of MuRF3.
heart failure ͉ cardiac stress response ͉ protein degradation ͉ sarcomere M aintenance of cardiac structure and function requires precise control of protein synthesis, processing, and degradation. Recent studies have shown that abnormalities in these processes result in lethal cardiomyopathies due to myofibrillar degeneration and contractile failure (reviewed in ref. 1) .
The ubiquitin proteasome system (UPS) is largely responsible for the degradation of misfolded proteins, as well as long-lived proteins, such as components of the contractile apparatus of striated muscles (2) . Although activation of the UPS in heart and skeletal muscle has been primarily linked to a reduction in muscle mass as occurs during muscle atrophy (3, 4) , recent evidence has also shown the UPS to be activated during cardiac stress leading to hypertrophy and adverse cardiac remodeling (5) . These apparently opposing functions of the UPS in striated muscles are poorly understood.
The substrate specificity of the ubiquitin conjugation cascade is mediated by hundreds of E3 ubiquitin protein ligases, which can be divided into three groups, RING-finger, HECT (homologous to E6AP carboxyl terminus)-domain, and SCF (Skp1-Cul1-F-box protein)-complex E3 ligases (6) . Muscle-specific RING-finger (MuRF) proteins MuRF1, -2, and -3 comprise a subfamily of the RING-finger E3 ubiquitin ligases that are expressed specifically in cardiac and skeletal muscle (7) . MuRF3, the first member of this family to be identified, associates with microtubules and is required for skeletal myoblast differentiation and development of cellular microtubular networks (7). MuRF1 is up-regulated during skeletal muscle atrophy, and mice lacking MuRF1 are resistant to skeletal muscle atrophy (8) . No loss-of-function cardiac phenotypes of any of the three MuRF genes have yet been described.
The specific interaction partners of individual MuRF proteins and the consequences of such interactions are only beginning to be determined. MuRF1 and -2 interact with titin, nebulin, troponin I and T, myotilin, and T-cap in yeast two-hybrid assays (9); however, it remains to be determined whether all of these associated proteins serve as E3 ubiquitin ligase substrates. MuRF1 associates with titin at the M-band of the sarcomere that has been proposed to maintain stability of the sarcomeric M-line region (10, 11) . MuRF2 binds to the titin kinase domain and is implicated in the serum response factor signal transduction pathway (12) . MuRF1 was recently reported to function as an E3 ubiquitin ligase that catalyzes the ubiquitination and degradation of troponin I in cardiomyocytes (13) . To date, no definitive substrates have been identified for MuRF3.
In the present study, we generated MuRF3 mutant mice and showed that the absence of MuRF3 renders the heart highly susceptible to rupture after acute myocardial infarction (MI). Mice lacking MuRF3 display abnormal sarcomere structure, consistent with the localization of MuRF3 to the M-line and Z-disk. We show that MuRF3 interacts with Four-and-a-half LIM domain protein (FHL2) and ␥-filamin. Accordingly, overexpression of MuRF3 results in a loss in expression of FHL2 and ␥-filamin, whereas these proteins accumulate to abnormal levels in the hearts of mice lacking MuRF3. We conclude that MuRF3 controls the degradation of FHL2 and ␥-filamin and is required for maintenance of ventricular integrity after MI.
Results

Generation of MuRF3 Mutant Mice.
To examine the role of MuRF3 in vivo, we generated MuRF3 mutant mice by replacing exon 4 of the MuRF3 gene with a neomycin cassette and deleting the first coiled-coil domain of MuRF3 (Fig. 1A) . Homozygous mutant MuRF3 (MuRF3 Ϫ/Ϫ ) mice were born in expected Mendelian ratios from MuRF3 ϩ/Ϫ intercrosses and had normal life spans and no overt abnormalities. RT-PCR using primers spanning the deleted region of the gene indicated that the deletion mutation eliminated nearly all detectable MuRF3 mRNA downstream of the neomycin insertion [supporting information (SI) Fig. 6 A and B] . Sequencing of the trace products of RT-PCR obtained from hearts of MuRF3 Ϫ/Ϫ mice confirmed the absence of the fourth exon and showed that exon 3 was spliced in frame to exon 5. This mutant transcript was present at a level at least 20-fold less than that of the WT transcript. Therefore, we consider the MuRF3 mutation to be comparable to a null allele, but we cannot rule out the possibility that the trace level of mutant transcript encodes a protein with residual function. The levels of expression of MuRF1 and MuRF2 transcripts were comparable in the hearts of WT and MuRF3 Ϫ/Ϫ mice, indicating that they were not up-regulated as a compensatory mechanism (data not shown).
The hearts of MuRF3 Ϫ/Ϫ mice were the same size as WT, and histological analysis showed no morphological defects or signs of fibrosis (Fig. 1B) . However, electron microscopy showed a significant increase in the distance between Z-discs, suggesting perturbation of the cardiac sarcomere ( Fig. 1 B and C) . Echocardiography showed no significant abnormality in fractional shortening, but a slight reduction in heart rate of the MuRF3 Ϫ/Ϫ mice compared with WT littermates ( Fig. 2A and data not shown).
Increased Mortality of MuRF3 ؊/؊ Mice After MI. In light of the localization of MuRF3 to the sarcomere (14, 15) , as well as its ability to stabilize microtubules (7), we wondered whether MuRF3 might be required to maintain structural integrity of the heart under conditions of acute stress, as occurs after MI. We therefore subjected MuRF3 Ϫ/Ϫ mice to surgical MI to test their response to a rapid increase of left ventricular wall stress. Two to 3 days after MI, MuRF3 Ϫ/Ϫ mice were notably lethargic, a phenotype reminiscent of heart failure. Echocardiography, performed 3 days after MI, revealed a more pronounced increase in left ventricular end-diastolic and end-systolic diameters resulting in a substantial decrease in fractional shortening in MuRF3 Ϫ/Ϫ mice (Fig. 2 A) . These findings suggest that MuRF3 Ϫ/Ϫ mice develop a dilative cardiomyopathic phenotype in response to MI. A significant increase in mortality of MuRF3 Ϫ/Ϫ mice compared with WT littermates was found within 5 days after MI (Table 1) . Most dramatically, 10 of 13 MuRF3 Ϫ/Ϫ mice that died from MI did so because of cardiac rupture, accounting for 77% of deaths (Fig. 2B ). MI did not cause cardiac rupture in any WT mice, nor did the sham operation cause any lethality (Table 1) . Gross and histological examination of hearts of MuRF3 Ϫ/Ϫ mice that died from MI showed cardiac rupture at the border zone between the intact myocardium and infarcted area ( Fig. 2 B and C). The infarct sizes 5 days after MI, as measured by morphometry, were not significantly different in WT and MuRF3 Ϫ/Ϫ mice, comprising 32% and 36% of the left ventricular free wall, respectively. The degree of cardiac hypertrophy in MuRF3 Ϫ/Ϫ and WT mice after MI was also not different between the groups (data not shown).
MuRF3 Ϫ/Ϫ hearts contained degenerative myofibers between the infarcted and noninfarcted myocardium (Fig. 2C) , suggesting an increase in cell death. Using TUNEL assay, we found that the hearts of MuRF3 Ϫ/Ϫ mice showed a 3-fold increase in apoptosis in the periinfarct zone compared with WT littermates after MI (data not shown). In addition, intramural hemorrhage in the infarcted area was seen in MuRF3 Ϫ/Ϫ mice but not in WT mice. Thus, the absence of MuRF3 rendered the heart highly susceptible to rupture in response to MI.
Up-Regulation of Cardiac Stress Markers in MuRF3
؊/؊ Mice. To assess the degree of cardiac stress resulting from MI, expression of the fetal gene program was measured within the noninfarcted interventricular septum. After MI, mRNA transcripts of the cardiac stress marker atrial natriuretic factor (ANF) and the immediate early gene c-fos were up-regulated more dramatically in MuRF3 Ϫ/Ϫ mice compared with WT littermates, whereas transcripts encoding B-type natriuretic peptide (BNP) and ␤-myosin heavy chain, also markers of cardiac stress, showed similar regulation irrespective of genotype (Fig. 3) . Transcripts encoding ␣-myosin heavy chain (␣-MHC), which are typically down-regulated in response to cardiac stress, showed an exacerbated down-regulation in MuRF3 Ϫ/Ϫ mice compared with WT mice (Fig. 3) . The enhanced changes in the fetal gene program suggest a more severe degree of cardiac stress and heart failure in MuRF3 Ϫ/Ϫ compared with WT animals after MI.
Reduced Cardiac Performance of MuRF3 ؊/؊ Mice After Isoproterenol Administration. We also examined whether MuRF3 Ϫ/Ϫ hearts displayed a reduction of cardiac function upon chronic administration of the ␤-adrenergic agonist isoproterenol, a well established inducer of cardiomyocyte apoptosis (16) . Continuous isoproterenol infusion for 7 days resulted in a 45% increase in cardiac mass in WT mice versus a 32% increase in MuRF3 Ϫ/Ϫ mice ( Fig. 4A and SI Fig. 8A ). Echocardiography showed a reduction in fractional shortening in mutant but not in WT mice after isoproterenol infusion (Fig. 4B) . Mutant mice also showed a greater increase of the left ventricular end-systolic diameter compared with control littermates (SI Fig. 8B ). TUNEL assays showed 2-fold more apoptosis in MuRF3 Ϫ/Ϫ mice compared with WT mice treated with isoproterenol (Fig. 4C) . These results further suggest that the absence of MuRF3 renders the heart susceptible to apoptosis after cardiac stress.
MuRF3
Interacts with FHL2 and ␥-Filamin. To begin to investigate the mechanism whereby MuRF3 maintains structural integrity of the heart, we sought to identify MuRF3 interaction partners in muscle cells by a yeast two-hybrid screen of a human heart cDNA library with MuRF3 as bait. Among the MuRF3-interacting proteins, we identified multiple clones encoding the intracellular adaptor protein FHL2 and ␥-filamin (SI Fig. 9 A and B) ; their binding to MuRF3 was confirmed by coimmunoprecipitation experiments (Fig. 5 A and B) . Specificity of MuRF3 binding was demonstrated by association of MuRF3 with ␥-filamin but not ␣-filamin, which were expressed at comparable levels (data not shown) and which share 74% homology (Fig. 5B) .
Deletion of the first coil-coiled domain of MuRF3 eliminated binding to both ␥-filamin (data not shown) and FHL2 (Fig. 5A) . The interaction of Myc-tagged MuRF3 with FHL2 and ␥-filamin was readily detectable by coimmunoprecipitation. However, when non-epitope-tagged MuRF3 was overexpressed with FHL2 and ␥-filamin in myoblasts, FHL2 and ␥-filamin proteins failed to accumulate, suggesting that they are targets for MuRF3-dependent degradation (Fig. 5C ). Because the Myc-tagged form of MuRF3 did not promote the degradation of FHL2 or ␥-filamin, we believe that the epitope tag at the N terminus disrupts the function of the adjacent RING-finger domain.
FHL2 and ␥-Filamin Accumulate Within MuRF3 ؊/؊ Hearts. FHL2 and ␥-filamin protein expression levels were measured in protein lysates of WT and MuRF3 Ϫ/Ϫ hearts (Fig. 5D ). FHL2 showed a slight but reproducible increase in expression, and ␥-filamin showed a 5-fold increase in expression in MuRF3 Ϫ/Ϫ hearts, suggesting that MuRF3 enhances their degradation in vivo. In contrast, mRNA expression levels of FHL2 and ␥-filamin showed no difference in the hearts of MuRF3 Ϫ/Ϫ and WT mice, suggesting that the accumulation of FHL2 and ␥-filamin was due to reduced protein degradation and not an increase in gene expression (Fig. 5E ).
Discussion
The results of this study show that MuRF3, a muscle-specific E3 ubiquitin ligase, is essential for maintenance of cardiac integrity and function after MI. MuRF3 associates with and appears to enhance degradation of FHL2 and ␥-filamin, and the lack of MuRF3 results in accumulation of these proteins, widening of the sarcomere, diminished cardiac contractility, and susceptibility to ventricular rupture. Given the association of MuRF proteins with the sarcomere (14, 15) , their ability to bind and stabilize microtubules (7), and their E3 ligase activity (13), the susceptibility of MuRF3 Ϫ/Ϫ mice to cardiac rupture could reflect structural and/or enzymatic functions of MuRF3.
Potential Causes of Cardiac Rupture in MuRF3 ؊/؊ Mice. Abnormalities in protein degradation have recently been recognized as an important cause of cardiomyopathy and heart disease (1). E3 ubiquitin ligases play a key role in the control of protein degradation by providing specificity and efficiency to ubiquitination. To date, relatively few E3 ligases have been implicated in the degradation of myocardial proteins. Atrogin-1, an F-box protein, mediates myofibrillar protein degradation and can prevent calcineurin-mediated cardiac hypertrophy (17) . MuRF1 mediates degradation of troponin I and, when overexpressed, reduces cardiomyocyte contractility (13) . MuRF1 has also been reported to prevent cardiomyocyte hypertrophy in response to protein kinase C activation (18) . Our results identify FHL2 and ␥-filamin as interaction partners of MuRF3; their degradation when coexpressed with MuRF3 and accumulation in the hearts of MuRF3 Ϫ/Ϫ mice also implicate them as in vivo targets of MuRF3 and suggest a potential role in cardiac rupture. How the enhanced expression of FHL2 and ␥-filamin might contribute to a loss of ventricular integrity, however, is less clear. Like MuRF proteins, FHL2 interacts with the M-band portion of titin and has been described as an adaptor for the compartmentalization of metabolic enzymes to sites of high energy consumption in the sarcomere (19) as well as an adaptor in numerous signaling and transcriptional pathways (20) (21) (22) . Filamins act as actin-cross-linking proteins and participate in multiple cellular processes, including cell-cell and cell matrix connections, mechanoprotection, and various signaling networks (23) . ␥-filamin localizes to the Z-discs of the sarcomere, where it interacts with calsarcin/myozenin (24, 25) and myotilin (26) , as well as to the muscle sarcolemma where it associates with ␦-and ␥-sarcoglycan (26, 27) . A dominant form of myofibrillar myopathy has been ascribed to a mutation in the FLNC gene that results in ␥-filamin aggregates, altered distribution of myotilin and the dystrophin-sarcoglycan complex, and myofibrillar degeneration (28) . Abnormal localization of ␥-filamin has also been linked to human myopathies (41, 42) . Although we favor the idea that MuRF3 is required to regulate precise levels of FHL2 and ␥-filamin (and probably other components of the sarcomere) such that the absence of MuRF3 sensitizes the heart to stress signals due to aberrant structure and function of the sarcomere, we cannot be certain that the accumulation of FHL2 and ␥-filamin in MuRF3 Ϫ/Ϫ hearts is responsible for cardiac rupture or hypersensitivity to isoproterenol administration.
Other Influences on Cardiac Rupture. MI leads to an immediate increase in cardiac wall stress and activates stress response mechanisms that aim to maintain the integrity of the ventricular wall. Although the molecular mechanisms leading to cardiac rupture after MI remain poorly understood, hypertension, diabetes, cardiac hypertrophy, and use of nonsteroidal antiinflammatory agents are considered as risk factors (29, 30) . Mice lacking the angiotensin type 2 receptor (31), tissue-type plasminogen activator, urokinase receptor, or metalloelastase are also susceptible to cardiac rupture (32) , whereas overexpression of FrzA/sFRP-1, a secreted antagonist of the Wnt/Frizzled pathway (33) , and targeted deletion of matrix metalloproteinase-2 (34) and urokinase-type plasminogen activator (32) prevent cardiac rupture in mice after MI. In contrast to MuRF3, these mediators of inflammation and proteolysis are not muscle-specific and may act through different mechanisms than MuRF3 to modulate the response of the heart to acute stress.
Modulation of Muscle Structure and Function by MuRFs. Our finding that MuRF3 is required to maintain cardiac function after MI appears contradictory to studies showing that mice lacking MuRF1 and MAFbx, a SCF complex E3 ligase, were protected from skeletal muscle atrophy (8) . Based on those findings, it was concluded that MuRF1 and MAFbx were involved in turnover of structural proteins, such that the absence of MuRF1 and MAFbx prevented skeletal muscle atrophy (8) . However, no targets of MuRF1 were identified, and the cardiac phenotype of MuRF1 Ϫ/Ϫ mice was not described, so it remains to be deter- mined whether the MuRF1 Ϫ/Ϫ heart is functionally compromised under conditions of cardiac stress.
MuRF1, -2, and -3 all localize to the M-line and Z-disk (7, 14, 15) and form heterodimers (14) , raising the possibility that the phenotype of MuRF3 mutant mice may reveal only a subset of MuRF3 functions due to redundancy among MuRF proteins. Further analysis of the functions of MuRF proteins in vivo and of the consequences of compound MuRF gene deletion should reveal additional functions for this family of proteins in cardiac, as well as skeletal, muscle. The identification of additional partners and substrates or MuRF proteins also promises to provide further insights into the contributions of protein turnover to cardiac disease, as well as to offer new therapeutic targets for modification of cardiac function.
Materials and Methods
Generation of MuRF3 Knockout Mice. The MuRF3 targeting vector contained a 4.5-kb 5Ј arm containing exons 2-3 and a 1.7-kb 3Ј arm containing exons 5-8 of the mouse MuRF3 gene. Exon 4, encoding the first coiled-coil domain, was replaced with a neomycin-resistance cassette. Targeting of mouse embryonic stem cells, generation of mouse chimeras, Southern blot analysis, PCR genotyping of genomic DNA, and RT-PCR were performed as described in ref. 35 (primer sequences are shown in SI Table 2 ). MuRF3 mutant mice were backcrossed to C57Bl6 background for at least six generations before further investigation.
Surgical Procedures. Myocardial infarction (MI) was performed in 6-to 8-week-old male WT (n ϭ 25) and MuRF3 Ϫ/Ϫ (KO, n ϭ 26) mice by ligating the left anterior descending artery by a surgeon blinded to the genotype as described in refs. 36 and 37. A sham operation in which the left anterior descending artery was not ligated was performed in WT (n ϭ 10) and KO (n ϭ 13) mice. Isoproterenol treatment and echocardiography were performed as described in refs. 36 and 37. See SI Materials and Methods for details. All animal experimental procedures were reviewed and approved by the institutional animal care and use committees of the University of Texas Southwestern Medical Center.
Histology, TUNEL, and Electron Microscopy. Histology, H&E staining, measurement of infarct size, TUNEL assay, and electron microscopy were performed as described in refs. 36 and 38. See SI Materials and Methods for details.
Cell Culture, Transfection, and Coimmunoprecipitation. Cell-culture and transfection experiments were performed in C2C12 cells by using Lipofectamine and Plus reagent (Invitrogen). Expression plasmids encoding tagged MuRF3 and Flag-␥-filamin are described in refs. 7 and 25, and HA-FHL2 was a gift from Daniel Garry (University of Texas Southwestern Medical Center). Coimmunoprecipitation (37) and Western blot analysis (39) were performed as previously described. See SI Materials and Methods for more details.
Yeast Two-Hybrid Screen. A human heart cDNA library encoding GAL4-transactivation domain fusion proteins (Invitrogen) was screened with a GAL4-MuRF3 bait in the yeast two-hybrid system, and positive clones were subjected to specificity tests as described in ref. 40 .
RNA Isolation, Reverse Transcription, and Real-Time PCR. Total RNA was isolated from the noninfarcted part of the interventricular septum by using TRIzol reagent, and reverse transcription with SuperScript RNase H reverse transcriptase (both from Invitrogen) were performed as described in ref. 39 . Real-time PCR was performed with TaqMan assays from Applied Biosystems probes by using the ABI 7000 real-time PCR instrument.
Statistical Methods.
Values are presented as mean Ϯ SEM. Gene expression was normalized to GAPDH mRNA and calculated as fold change over the respective sham-treated group. Differences in morphologic and biochemical parameters between groups were analyzed by Mann-Whitney U test or two-sided Student's t test. Statistics were calculated with Excel and SPSS software. A P value of Ͻ0.05 was considered to be statistically significant.
